Carbapenem resistance in Acinetobacter spp. is an emerging problem in China. We investigated the molecular epidemiology and carbapenemase genes of 221 nonrepetitive imipenem-resistant clinical isolates of Acinetobacter spp. collected from 1999 to 2005 at 11 teaching hospitals in China. Genotyping by pulsed-field gel electrophoresis (PFGE) found 15 PFGE patterns. Of these, one (clone P) was identified at four hospitals in Beijing and another (clone A) at four geographically disparate cities. Most imipenem-resistant isolates exhibited high-level resistance to all ␤-lactams and were only susceptible to colistin. Acinetobacter spp. are important opportunistic pathogens responsible for a variety of nosocomial infections, including ventilator-associated pneumonia, bacteremia, surgical-site infections, secondary meningitis, and urinary tract infections. Treatment of Acinetobacter infections is often complicated by multidrug-resistant phenotypes, including resistance to broadspectrum ␤-lactams, aminoglycosides, and fluoroquinolones. Carbapenems are currently the antibiotics of choice against multidrug-resistant Acinetobacter infections. However, carbapenem resistance is increasingly being reported and has become a significant public health concern, leaving few therapeutic options (7, 9, 13, 14, 16, 23, 30) . Acquired carbapenem resistance in Acinetobacter is often associated with acquired carbapenemase production, including production of the IMP-, VIM-and SIM-type metallo-␤-lactamases or the OXA-23-, OXA-24-, and OXA-58-type class D carbapenemases (3, 18).
Acinetobacter spp. are important opportunistic pathogens responsible for a variety of nosocomial infections, including ventilator-associated pneumonia, bacteremia, surgical-site infections, secondary meningitis, and urinary tract infections. Treatment of Acinetobacter infections is often complicated by multidrug-resistant phenotypes, including resistance to broadspectrum ␤-lactams, aminoglycosides, and fluoroquinolones. Carbapenems are currently the antibiotics of choice against multidrug-resistant Acinetobacter infections. However, carbapenem resistance is increasingly being reported and has become a significant public health concern, leaving few therapeutic options (7, 9, 13, 14, 16, 23, 30) . Acquired carbapenem resistance in Acinetobacter is often associated with acquired carbapenemase production, including production of the IMP-, VIM-and SIM-type metallo-␤-lactamases or the OXA-23-, OXA-24-, and OXA-58-type class D carbapenemases (3, 18) . Overproduction of the natural oxacillinase (OXA-51 type) can also be associated with acquired carbapenem resistance in Acinetobacter baumannii (18) .
In China, national resistance surveillance data from intensive care units (ICU) at 19 teaching hospitals (1996 to 2002) showed that 5% of Acinetobacter isolates were resistant to imipenem (25) . However, another national surveillance program involving 10 geographically disparate hospitals found that resistance to carbapenems increased from 4.5% in 2003 to 18 .2% in 2004 (26) . At Peking Union Medical College Hospital (PUMCH), a 1,600-bed tertiary care teaching hospital, from 1993 to 2003, 5% of A. baumannii isolates were resistant to imipenem. However, in 2004, the number of imipenem-resistant isolates increased rapidly, with more than 50% of ICU isolates exhibiting the resistant phenotype, compared to 20% at non-ICU wards. These isolates were coresistant to other commonly used antimicrobial agents, including ampicillin-sulbactam, ceftazidime, cefepime, piperacillin-tazobactam, ciprofloxacin, and amikacin (H. Wang, unpublished data).
The objectives of the present study were (i) to investigate the molecular epidemiology of carbapenem-resistant Acinetobacter at several large teaching hospitals in China and (ii) to characterize the carbapenem resistance mechanisms of the major epidemic clones.
MATERIALS AND METHODS

Bacterial isolates.
A total of 221 nonrepetitive imipenem-resistant clinical isolates of Acinetobacter spp. were collected from 11 teaching hospitals, including 117 isolates from PUMCH from 1999 to 2005 and 104 isolates from the 10 remaining centers from 2002 to 2005. The regional and time distributions of the imipenem-resistant Acinetobacter sp. isolates are summarized in Table 1 . The isolates were identified by conventional techniques and automated systems, including a Vitek system (Vitek compact; bioMérieux Vitek Systems Inc., Hazelwood, MO) and a Phoenix 100 system (Becton Dickinson and Company, Sparks, MD) at PUMCH.
Molecular taxonomic identification.
DNAs were extracted by incubating pure bacterial suspensions at 95°C for 10 min, and removal of debris was done by centrifugation for 10 min at 12,000 ϫ g. Genomic identification was carried out by amplified rRNA gene restriction analysis (ARDRA) as previously described (10) .
Antimicrobial susceptibility testing. MICs were determined by the agar dilution method of the Clinical and Laboratory Standards Institute (CLSI) (5) and interpreted according to the CLSI standards (6) . Antimicrobials were supplied and stored according to the manufacturer's instructions. Escherichia coli ATCC 25922 and Pseudomonas aeruginosa ATCC 27853 were used as reference strains for susceptibility testing.
IEF. Crude cell extracts were prepared by three sonications in 0.1 M phosphate buffer (pH 7.0) for 30 s each time with intermittent 15-s cooling periods on ice with a Branson sonicator (Sonifier cell disruptor model W185), followed by removal of cellular debris by centrifugation at 12,000 ϫ g at 4°C for 30 min. Isoelectric focusing (IEF) analysis was performed on polyacrylamide gels (pH 3.5 to 9.5; Amersham Pharmacia Biotech, Piscataway, NJ) according to the manufacturer's instructions. ␤-Lactamase activity was visualized by staining the gels with nitrocefin (150 M) (Becton Dickinson). Strains producing TEM-1 (pI 5.4), TEM-10 (pI 5.6), SHV-12 (pI 8.2), and CMY-2 (pI 9.0) were used as IEF controls.
Conjugation experiment. Transfer of imipenem resistance was studied by performing conjugation experiments as previously described (27) . E. coli C600 (Lac Ϫ Nal r Rif r ) was used as the recipient for the conjugation experiment. Transconjugants were selected on Trypticase soy agar containing 4 g of imipenem, 50 g of nalidixic acid, and 60 g of rifampin per ml.
Molecular typing by PFGE. For pulsed-field gel electrophoresis (PFGE), ApaI-digested genomic DNA was prepared according to the manufacturer's instructions (Bio-Rad Laboratories, Hercules, CA), and restricted fragments were separated on a CHEF MAPPER system (Bio-Rad) for 20 h at 14°C with 5 to 8 s of linear ramping at 6 V/cm. DNA fingerprints were interpreted as recommended by Tenover et al. (19) .
PCR and sequencing of ␤-lactamase genes. A multiplex PCR assay was used to detect four groups of OXA carbapenemase genes, including bla OXA-23 -like, bla OXA-24 -like, bla OXA-58 -like and bla OXA-51 -like genes, as recently described (28) . The entire bla OXA-23 -like, bla OXA-24 -like, bla OXA-51 -like, and bla OXA-58 -like coding regions were amplified and sequenced using primer pairs as previously described (1, 11, 12) . Genes coding for Ambler class B carbapenemases and class A serine enzymes were detected by PCR using primers specific for bla IMP , bla VIM (20) , bla TEM , bla SHV , bla CTX-M (27) , bla GES , bla VEB , and bla PER (4). ISAba1 was sought, and PCR mapping experiments using combinations of the ISAba1 primers and reverse primers designed against the OXA-23-like, OXA-51-like and OXA-58-like genes were carried out as described by Turton et al. (21) . PCR amplification of class 1 integrons and analysis of the genetic context of resistance genes were performed on genomic DNA as described previously (15) . PCR products were purified by using a QIAquick PCR purification kit (QIAGEN, Hilden, Germany). DNA sequencing was performed by the direct sequencing method with an ABI Prism 3100 genetic analyzer (Applied Biosystems, Foster City, CA). Internal primers were designed to sequence the entire coding regions of the bla OXA-23 -like, bla OXA-24 -like, bla OXA-51 -like, and bla OXA-58 -like genes.
Similarity searches and alignments for both the nucleotide sequences and predicted protein sequences were performed with the BLAST program (http://www .ncbi.nlm.nih.gov/BLAST).
Plasmid detection and Southern hybridization. Plasmid DNA was extracted with a QIAGEN plasmid Miniprep kit (QIAGEN, Hilden, Germany) according to the manufacturer's recommendations. E. coli V517 (plasmid sizes, 54, 5.6, 5.1, 3.9, 3.0, 2.7, and 2.1 kb) and E. coli J53 containing plasmid R1 (92 kb) or R27 (182 kb) were used as standards. The sizes of plasmids were calculated by using Quantity One software (Bio-Rad). The bla OXA-23 -like, bla OXA-58 -like, and bla OXA-51 -like PCR products were labeled by supplementing the master mixture with Dig-dUTP (Roche Applied Science, Mannheim, Germany). Southern hybridization and detection steps were accomplished using a Dig-dUTP detection kit as recommended by the manufacturer (Roche Applied Science, Mannheim, Germany).
Collection of clinical data. The medical records of all patients identified as having imipenem-resistant Acinetobacter isolates at PUMCH in 2004 were reviewed by a physician. The following variables were collected: age, gender, length of stay in the ICU, ward transfer, underlying diseases, APACHE II scores, use of mechanical ventilation, and antibiotic use 15 days or less prior to the isolation.
Nucleotide sequence accession numbers. The nucleotide sequences of the bla OXA-72 , bla OXA-66 , bla OXA-58 , bla , and bla PER-1 genes have been deposited in the GenBank sequence database and were assigned the accession numbers EF534256, EF534257, EF534258, EF534259, and EF535600, respectively.
RESULTS
Molecular taxonomic identification.
All 221 imipenem-resistant isolates were analyzed by ARDRA. Of these, 187 isolates were identified as A. baumannii. The remaining 34 isolates were identified as belonging to genospecies 10/11 (n ϭ 18), genospecies 3 (n ϭ 2), genospecies 13TU (n ϭ 5), Acinetobacter phenon 5 (n ϭ 3), and A. phenon 6/ct 13TU (n ϭ 6).
Molecular epidemiology of imipenem-resistant Acinetobacter isolates. All 221 imipenem-resistant isolates were genotyped by ApaI digestion-PFGE analysis and categorized into 15 defined pulsotypes, with two or more subtypes for some of them. Table 2 shows the distribution of the 15 PFGE clones at 11 teaching hospitals from 1999 to 2005. During the study period, clonal spread occurred at 10 hospitals. These hospitals had one to three disseminated imipenem-resistant clones, most of which circulated and persisted for several years within the hospital wards.
All isolates of clones P and A were identified as A. baumannii by ARDRA. These two clones were the most prevalent and were found at several hospitals. However, while clone P was The review of the clinical data for the 74 cases yielding clone P isolates revealed that 33 cases were pulmonary infections and 15 cases were bloodstream infections, with crude mortality rates of 22.1% and 40.2%, respectively. The remaining 28 cases were classified as colonized on the basis of the evaluation of the clinical chart. For all 74 cases, the average length of stay in the hospital before the isolation of clone P was 27.8 days. All patients had severe underlying disease, and Ͼ70% had received broad-spectrum antimicrobials and been subjected to mechanical ventilation.
Clone A, which was the predominant clone prior to 2003, persisted at PUMCH for 6 years. This clone was also found at three other hospitals in three different Chinese cities ( Antimicrobial susceptibility. The MICs of 13 antimicrobial agents were determined for all 221 isolates. All 221 isolates were resistant to imipenem and meropenem (the MICs of both agents ranged from 16 to 128 g/ml; the MIC for 90% of the strains tested was 64 g/ml). Most of the isolates, but not clone L (Acinetobacter genospecies 3), exhibited high resistance to piperacillin-tazobactam and cefepime. In some cases, isolates of the same PFGE clone had different resistance patterns even at the same hospital. The 26 representative isolates shown in Table 3 were selected according to PFGE type, hospital source, and antimicrobial susceptibility pattern for further characterization (see below). Most non-A. baumannii clones, such as B, G, and C, were resistant to rifampin but susceptible to amikacin, fluoroquinolones, and minocycline (Table 3 ). The MICs of levofloxacin for all isolates were lower than those of ciprofloxacin. No isolate was resistant to colistin.
IEF. The 26 representative isolates selected for further investigation were subjected to IEF analysis for the detection of ␤-lactamases. Twenty-five of them, but not clone L (isolate PU78), produced ␤-lactamases that focused with a pI of Ͼ9.0, presumably representing the endogenous cephalosporinase. Most representative isolates produced multiple enzymes, including ␤-lactamases possessing TEM-like or PER-like pI values (pI range, 5.4 to 6.0) and others possessing pI values of 6.6 to 8.2 (Table 4) .
Conjugation experiment. Imipenem resistance was not conjugatively transferred to E. coli C600 for any of the 26 representative isolates.
␤-Lactamase genes. PCRs for the detection of different ␤-lactamase genes were performed with all 221 isolates. The bla OXA-23 -like gene was the most prevalent, being detected in 97.7% (216/221) of the isolates. The entire bla OXA-23 -like gene sequence was determined in 60 isolates (including the representative isolates in Table 4 ), which confirmed the presence of the bla OXA-23 gene. In contrast to the other clone A isolates, PFGE A4 subtype isolates such as NJ59 did not carry the OXA-23 gene.
bla OXA-51 -like genes were found in 187 isolates (belonging to 7 clones), all of which were identified as A. baumannii. (Table 4 ). The isolates with the bla PER gene were more resistant to ceftazidime and cefepime than the non-PER-1 producers.
ISAba1 was sought in all of the 26 representative isolates in Table 4 . Only 2 isolates (PU78 and FZ4A18) were negative. All 22 isolates with bla OXA-23 gave a PCR amplicon of ca. 1.6 kb with use of the ISAba1 forward primer and the bla reverse primer. Among the 3 isolates with bla OXA-58 (ZJ58, ZJ49, and FZ4A18), none gave a band in the PCR with use of the ISAba1F and the bla OXA-58 reverse primers. PCRs carried out using the ISAba1 forward primer and bla OXA-51 -like reverse primers, performed on the isolates with bla OXA-66 , failed to give a band of ca. 1.2 kb.
Integron detection. Class 1 integrons were sought for in the 26 representative isolates. Table 4 shows the 11 different structures of class 1 integrons that were found in these isolates. Overall, integrons were less common in A. baumannii than in the other Acinetobacter spp. Clone A subtypes of A. baumannii harbored integrons of different structures, while most of the clone P isolates did not carry class 1 integrons, except for the isolates from one hospital (BJ3). The most common gene cassettes in the integrons contained resistance determinants to aminoglycosides (aacA4, aadA1, and aacA6), to rifampin (arr3), and to chloramphenicol (catB8). The gene arr3 was more common in non-A. baumannii representatives (Table 4) .
Plasmid profiles and Southern blot analysis. Plasmid DNA was extracted from the 26 representative isolates and from the other OXA-58-producing Acinetobacter sp. isolates. The isolates with identical plasmid profiles, including isolates PU4A1, PU73, FW-F1, and BJ3-9 (Table 4) , belonged to the same PFGE patterns. However, isolates of the same clone did not always contain the same plasmid profiles.
Seven isolates of A. baumannii clone T, possessing the bla OXA-58 gene, had similar plasmid profiles. Southern hybridization analysis showed that the bla OXA-58 gene was located on a plasmid of approximately 51 kb in 7 isolates and, apparently, on the chromosome in isolate FZ4A18 (data not shown).
DISCUSSION
Recent reports of hospital outbreaks have documented the spread of imipenem-resistant Acinetobacter spp. (7, 9, 14) . The results of this study show that clonal spread was the main reason for the increasing trend in imipenem resistance at the different hospitals. Patient transfer and hospital staff contact may have enhanced the spread of imipenem-resistant Acinetobacter sp. among different wards and different hospitals. Early recognition of the presence of imipenem-resistant Acinetobacter sp. clones is necessary in order to prevent their spread within the hospital environment.
Clonal outbreaks due to A. baumannii strains producing the OXA-23 carbapenemase have been reported in Brazil (9) and, more recently, in Korea (13) and France (16) . This study found that OXA-23 was the most prevalent carbapenemase among imipenem-resistant isolates at multiple centers in China. We also found that the OXA-23 enzyme was produced by several different Acinetobacter species. Moreover, all of the representative OXA-23 producers carried the chromosomal bla OXA-23 gene adjacent to the insertion element ISAbaI.
The OXA-51-like subgroup shares less than 63% amino acid identity with other class D enzymes (2, 11) . The results of this study supported the proposal that bla OXA-51 -like genes are ubiquitous in A. baumannii but are not found in other Acinetobacter spp. (22) .
OXA-58 was first found in France, in 2003, and in Turkey, with bla OXA-58 -bearing plasmids spreading among multiple clones of Acinetobacter spp. (23) . A recent study reported that bla OXA-58 was geographically widespread in three continents over a 10-year period (8) . In contrast, the results of this study showed that bla OXA-58 was prevalent only in Hongzhou City in eastern China. However, due to its plasmidic location, the distribution of this gene in isolates from other Chinese cities should be monitored.
PER-1 is an extended-spectrum ␤-lactamase active against penicillins, cefotaxime, ceftazidime, and aztreonam but with no significant activity against carbapenems (17) . It has been widely detected in Acinetobacter spp. in Turkey and Korea (24, 29) . In this study, about 78% of the Chinese imipenem-resistant Acinetobacter sp. isolates were found to produce a PER-1-like enzyme.
Integron typing and plasmid profiling are valuable tools for molecular epidemiology. In this study, the integron-borne gene cassette array arr3-aacA4 was found in different species of Acinetobacter, suggesting horizontal gene transfer among species. Three isolates of clone P possessed identical plasmid patterns, as did 7 isolates of clone T, but most of the other isolates carried different integrons and contained different plasmid patterns, even within the same clonal cluster. Thus, isolates within a given genotype can acquire different accessory genetic elements, and unrelated clones may contain the same integrons or plasmids.
